ABSTRACT The problem of pyrethroid-resistance in head lice, Pediculus humanus capitis (De Geer), is growing worldwide, and an insensitive sodium channel is suspected as the major mechanism of this resistance. We sequenced an open reading frame (ORF) encoding for the para-orthologous sodium channel from an insecticide-susceptible strain of the body louse, Pediculus humanus humanus (L.), based on conserved peptide sequences and a known partial gene sequence. Phenothrinsusceptible and -resistant head louse colonies from Japanese were individually analyzed for point mutations of the sodium channel cDNA; susceptible head and body lice differed in double homozygous synonymous substitutions. The resistant head lice shared 23 base substitutions homozygously, in which four resulted in amino acid substitutions: D11E in the N-terminal inner-membrane segment; M850T in the outer-membrane loop between segments four and Þve of domain II; T952I and L955 F in the trans-membrane segment Þve of domain II. The latter two substitutions coincided with those of pyrethroid-resistant head lice in the U.S. and U.K. (Lee et al. 2000) , within the available published information on the peptide sequences. The potential mechanisms of head louse pyrethroid-resistance are discussed based on the four structural changes of the target molecule.
HEAD LOUSE, Pediculus humanus capitis (De Geer), infestations in school children are a difÞcult public health problem in many countries, irrespective of the socioeconomic status of those infested (Gratz 1997) . Disease transmission by head lice has not been reported, however, the putative conspeciÞc body louse, Pediculus humanus humanus (L.), transmits typhus, trench fever, and relapsing fever (Gratz 1997 ) and the potential vectorial role of head lice should be considered. Pediculicides used worldwide have changed from DDT and lindane, to carbaryl and malathion, and subsequently to the pyrethroids, in the interests of human safety and increased efÞcacy. In the last two decades pyrethroids such as permethrin and phenothrin were the most popular pediculicides where available (Gratz 1997) . However, control failures with pyrethroids because of resistance is a concern in France (Coz et al. 1993) , Israel (Mumcuoglu et al. 1995) , the U.K. (Burgess et al. 1995) , Czech Republic (Rupes et al. 1995) , Argentina (Picollo et al. 1998) , and the U.S. (Pollack et al. 1999) . The voltage-sensitive Na ϩ channels contain integral membrane proteins responsible for the generation of action potentials in exitable cells and they are the neuronal target of DDT and pyrethroid insecticides (Gordon et al. 1993) .
Resistance showing reduced sensitivity of the Na ϩ channel was Þrst described as knockdown-resistance (kdr) in the house ßy, Musca domestica (L.) (Farnham 1977) . Kdr is a major mechanism of DDT-and pyrethroid-resistance in a number of insects with medical and agricultural importance (Oppenoorth 1985 , Soderlund 1997 . A point mutation in para-orthologous voltage-sensitive Na ϩ channel ␣-subunit gene is the mechanism of kdr. Typical kdr mutations are kdr (L1014 F) occurring at the trans-membrane segment six of domain II (DII S6) and super-kdr (M918T) appearing at DII S4 Ð5 intracellular loop in the house ßy (Williamson et al. 1996 , Miyazaki et al. 1996 . The kdr-type (and -subtype) mutations were found in resistant strains of another seven species (Lee et al. 1999 , Martinez-Torres et al. 1997 , 1999 , Miyazaki et al. 1996 , Guerrero et al. 1997 and seem to be ubiquitous among pyrethroid-resistant insects, while the super-kdr-type mutation was identiÞed in a resistant strain of the horn ßy, Hematobia 1 E-mail: tomita@nih.go.jp. 2 Toshima City Ikebukuro Health Center, Higashi-Ikebukuro 1-20-9, Toshima-ku, Tokyo 170-0013, Japan.
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irritans (L.) (Guerrero et al. 1997 ). However, phenotypically kdr-like (that is atypical) mutations which are also speciÞcally associated with pyrethroid-resistance but nonhomologous to either kdr or super-kdr site have been identiÞed. Those mutations were, for example, found at four sites in Drosophila melanogaster (Meigen) (Pittendrigh et al. 1997 , Martin et al. 2000 , at two homologous sites each in two Heliothine lepidopterans (Head et al. 1998) , and at two sites in the German cockroach, Blattella germanica (L) . The role of those mutations for sensitivityreducers have not been experimentally conÞrmed. Another kdr-like mutation, V421M (numbering in D. melanogaster para) occurring at DI S6, from the tobacco budworm, Heliothis virescens (F.) , was functionally expressed by in vitro mutagenesis and heterologous expression and its contribution to nerve insensitivity was electrophysiologically exempliÞed (Lee and Soderlund 2001) . Reduced Na ϩ channel sensitivity in pyrethroid-resistant head lice was Þrst suggested by Hemmingway et al. (1999) . In pyrethroid-resistant head louse colonies from the U.S. and the U.K., resistance-speciÞc two concomitant amino acid substitutions were commonly identiÞed as kdr-like mutations at DII S5 of para Na ϩ channel (Lee et al. 2000) . Their analysis was based on a partial cDNA sequence of as many as 132 amino acid residues including DII S5 and S6, but whole gene comparisons are currently unavailable. Analysis of the whole coding sequence is a prerequisite for the development of molecular diagnosis or the study of the genetic origins of kdr-like mutations in head lice.
DDT was successfully used for controlling head lice in Japan after WWII and pediculosis greatly decreased in the 1950s. The incidence increased dramatically in the 1970s, and government surveillance initiated in 1981 recorded 24,000 cases in 1982 (Agui 1999) . With phenothrin as the sole registered pediculicide since 1981, cases declined to Ϸ2,000 annually in the late 1980s. However, where was an increase to 10,000 cases in 1999 when surveillance ended. The ofÞcial incidence estimates seem to have underestimated the actual levels, thought to be 10-fold higher, in light of the amount of phenothrin powder and shampoo shipped in 1999 (521,000 U; Sumitomo Pharmaceuticals Co., Ltd., personal communications). The efÞcacy of phenothrin pediculicides has not been reevaluated and the cause of the recent increases in pediculosis in Japan is still not known. We started to evaluate the susceptibility of head lice to phenothrin in Japan in 2001 and Þrst identiÞed the presence of the resistant head louse colonies in Japan.
In the current study we determined the complete coding sequence of para Na ϩ channel gene from the body louse generally considered to be a sibling species of the head louse and regarded as putatively conspeciÞc to the head louse by a recent molecular phylogeographical studies (Leo et al. 2002) . We then analyzed cDNA sequences from both phenothrinsusceptible and -resistant head lice in Japan, identifying four amino acid substitutions as resistanceassociated.
Materials and Methods
Lice. The insecticide-susceptible reference body louse strain originated from the collection in Sapporo, Japan in 1954 (Yasutomi 1956 ) that has been maintained on human volunteers at the National Institute of Infectious Diseases. Phenothrin resistant-and susceptible-head louse colonies (HL-R1 and HL-S1) were collected in Japan on 25 September 2001 in Toshima-ku, Tokyo and on 12 October 2001 in Kuki, Saitama Pref. Sensitivity to phenothrin was determined by placing lice on insecticide-impregnated Þl-ter paper and estimating knockdown after a 3 h exposure (Kasai et al. 2003) . The concentrations of phenothrin conferring 1% and 99% knockdown (KC1 and KC99) for NIID adult body lice were 22 and 44 mg/m 2 , respectively, estimated by probit analysis. The adult HL-R1 and HL-S1 lice used for sequence analysis were normal at 400 mg/m 2 and knocked down 100 mg/m 2 , respectively. Thus the HL-R1 was referred to at least 18-fold resistant by comparison with the KC1 value to NIID lice.
Reverse Transcription. To identify a Na ϩ channel ORF, primary cDNA walking was conducted on RNA from NIID body lice. RNA was extracted from 20 adult lice with Isogen (Nippon Gene, Tokyo). Poly(A) ϩ RNA was selected with Oligotex dT30 (Takara, Ohtsu, Japan). A hundred micrograms of total RNA-equivalent poly(A) ϩ RNA was reverse-transcribed with ReverTra Ace (Toyobo, Tokyo) and then 5Ј-anchor sequence-tailed poly(dT) 16 oligonucleotide (Poly(dT); Table 1 ) for 15 min each at 42ЊC, 45ЊC, and 50ЊC. First strand cDNA for 5Ј-RACE was processed by the cRACE method (Maruyama et al. 1995) using the 5Ј-Full RACE Core Set (Takara) and a 5Ј-phosphorylated gene speciÞc primer (5PRT ; Table 1 ) following the manufacturerÕs instruction and circularized (or cocatemerized) cDNA was obtained. For individual-based secondary cDNA walking, RNA was extracted from single adult body and head lice using the small scale treatment in the Isogen protocol and then cDNA was synthesized without poly(A) ϩ RNA selection. Polymerase Chain Reaction. Taq or ExTaqDNA polymerase (Takara) was used depending on the incorporation or not of deoxyinosine in the polymerase chain reaction (PCR) primer sets, respectively. 0.5 l of the 2-to 10-fold diluted cDNA solution was added into 25 l of reaction solution. Primer sets used for primary and secondary cDNA walking are shown in Table 1 . DNA Sequencing. AmpliÞed cDNA was separated by agarose gel electrophoresis, the DNA excised was puriÞed with the QIAex Gel Extraction kit (Qiagen, Tokyo), labeled with the BigDye Terminator Cycle Sequencing kit (PE Biosystems Japan, Yokohama), and then analyzed by the Genetic Analyzer 310 system (PE Biosystems Japan). When unresolved cDNA sequences resulted after direct sequencing in the process of primary cDNA walking, the cDNA fragments were cloned using TA-Cloning kit (Invitrogen, Tokyo) and then the inserts were subjected to sequencing analysis. The sequences of the GSPs used for the determination of the internal sequences of the four contigs that were obtained in the secondary cDNA walking are available on request.
Computer Program. Protein sequences were aligned with The ClustalX program 1.8 (Tompson et al. 1997) .
Results
cDNA Walking. To determine the lice Na ϩ channel cDNA sequence we conducted two rounds of primer walking using the body louse strain, NIID ( Fig. 1 ; Table 1 ). The primary round was based on RT-PCR using mainly degenerate primers and previously reported gene speciÞc primers (GSPs) (Lee et al. 2000) and then RACEs (Fig. 1, the upper 10 contigs) . As a result, 6521 bases of cDNA including an ORF encoding para-orthologous Na ϩ channel ␣-subunit with 2086 amino acid residues were determined. The cDNA determined also included 127 and 133 bases of partial 5Ј-and 3Ј-UTRs, respectively. The secondary round of cDNA walking had two goals. The Þrst was to demonstrate availability of direct sequencing to genotyping on individual louse cDNA and the other was to set conÞrmatory sequencing with sets of GSPs to the sequence obtained from the primary cDNA walking "i" in primer sequences denotes deoxyinosine otherwise nucleotide description follows IUB code. a Codes for PCR primer sets corresponds to the same codes for cDNA contigs in Fig. 1 . Fig. 1 . Strategy for primer walking of para sodium channel cDNA. Primary cDNA walking was conducted to determine an unknown sequence with mass samples of NIID body lice strain. Secondary cDNA walking was conducted to analyze individual genotypes of the body and head lice. Numbers below closed arrow heads show the Þrst base of the initiation codon and the last base of the termination codon. Single, double, and triple bars show cDNA contigs ampliÞed with a GSP set, a degenerate primer set, and a set of both GSP and a degenerate primer, respectively. Numbers beside each bar show 5Ј-and 3Ј-end positions after removal of the primer sequences used to amplify cDNA contigs. Codes for cDNA contigs are shown with the tag, #, and they also correspond to the same codes for the PCR primer sets in Table 1 . Fig. 2 . Alignment of para sodium channel sequences. Labels of pedhu, blage, musdo, and drome denotes P. humanus humanus, B. germanica (Dong 1997 , GenBank accession #U73583), M. domestica (Williamson et al. 1996, X9668) , and D. melanogaster (Loughney et al. 1989 , P35500), respectively. Arrows on alignment show the stretch of trans-membrane segments and therein lies the segment numbers. Asterisks and dots denote perfect and sub-perfect identities in the alignment positions, respectively. (Fig. 1 , the lower four contigs). A slightly inner cDNA from base# 100-6401 was again ampliÞed, divided into four contigs and the individuals-based sequence was successfully determined using two NIID lice. The lice used were deduced to be homozygous for Na ϩ channel genes from electropherograms and shared an identical allele. The cDNA sequence from individual lice (base #100-6401) and its marginal 3Ј-and 5Ј-UTR sequences from many lice (base #1-99 and 6402-6521, respectively) are joined and deposited to DDBJ (accession #AB090951). The para Na ϩ channel protein sequence from the body louse was aligned with those from insecticide-susceptible strains of three species in which the complete coding sequences are currently available (Fig. 2) . The Na ϩ channel from the body louse shows the most similarity to that from the German cockroach (90% positional identity) and then to those from D. melanogaster (88%) and the house ßy (86%) in a joined partial alignment window with 1021 amino acid positions which corresponds to domains I to IV, excluding the three inter-domain-linking segments and the N-and C-terminal inner cellular domains.
Base and Amino Acid Substitutions. Two lice from phenothrin-susceptible and -resistant head louse colonies (HL-S1 and HL-R1) were individually analyzed for the Na ϩ channel cDNA (base #100-6401) by direct sequencing. All lice tested were predicted to be homozygous for the Na ϩ channel gene. Two different haplotypes were obtained and each was shared within colonies. The insecticide-susceptible body louse strain, NIID, is referred to as the standard sequence of the para Na ϩ channel gene and base substitutions are shown in Fig. 3 . A total of 24 base substitutions were present among the NIID body lice and two head louse colonies. There were double and 23 base substitutions (0.003% and 0.36%) in the 6302 bases analyzed between HL-S1 and NIID lice and between HL-R1 and Fig. 3 . Base substitutions in para sodium channel cDNA from head lice. Complete coding sequences were individually compared and base substitutions were picked up with their corresponding codons and amino acid residues. The reference insecticide-susceptible body louse strain, NIID; phenothrin-susceptible and -resistant colonies of the head louse, HL-S1 and HL-R1, respectively. Dots and italics denote identity and substitution of amino acid residue or base, respectively. Substituted amino acid positions are boxed. Fig. 4 . Partial alignments of para sodium channel sequences from arthropoda. Labels of drome, drovi, musdo, lepde, helvi, blage, and boomi denote D. melanogaster, D. virilis, M. domestica, L. decemlineata, H. virescens, B. germanica, and B. microplus, respectively , from which only the peptide sequences of susceptible strains (or those common to susceptible and resistant strains) are picked up. HL-S1 and HL-R1 denote phenothrin-susceptible and -resistant head lice, respectively. N-proximal 24 amino acid residues in the N-terminal intra-cellular segment, A; DII S1 and S2-linking outer-membrane loop, B; DII S5, C. Numbers above and under the alignments show amino acid positions in D. melanogaster and the body louse, respectively. Arrow heads indicate the position in which resistance-associated substitutions are present in the head lice.
NIID lice, respectively. Only allelic levels of differences are present between the body and head lice. Furthermore, protein sequences were identical between the NIID body lice and HL-S1 head lice. The four base substitutions resulted in amino acid substitutions and they all associated with the resistant head lice, HL-R1. The four amino acid substitutions were D11E in the N-terminal inner-membrane segment, M850T in the outer-membrane loop between the trans-membrane segments four and Þve of domain II, and T952I and L955 F in the trans-membrane segment Þve of domain II (DII S5) (Fig. 2) . The former two substitutions were Þrst identiÞed in the current study. The latter two substitutions were the same as those reported from pyrethroid-resistant head lice in the U.S. and U.K. (Lee et al. 2000) . However, because of their partial protein sequence analysis (limited to DII S4-S6) and lack of nucleotide sequences in their report, the allelic relationship among these Ile952 and Phe955-carrying Na ϩ channel genes is unknown.
Discussion
The resistance-associated four amino acid substitutions of the louse Na ϩ channel are located in conserved regions among arthropod species (Fig. 4) . D11E may be a priori of the least signiÞcance for pyrethroid-insensitivity, because of the common acidic nature, evolutionary vulnerability between Asp and Glu, and the substituted Glu11 in the resistant head lice being shared in susceptible insects of different species. At present it is difÞcult to evaluate the signiÞcance of M850T, which is also the Þrst report for a resistance-associated substitution in the outer-membrane loop among the insect species studied to date, even though the Met850 position is conserved at least in seven arthropods. The T952I and L955 F positions are located in the highly conserved DII S5. The occurrence of an equivalent T952I at the homologous position in the diamondback moth, Plutella xylostella (L.) (not shown in Fig. 4) is also identiÞed as pyrethroid-resistance associated substitution (Schuler et al. 1998) . As for L955 F, because of its close proximity in tertiary protein structure to the DII S6 Leu position where the typical Leu to Phe kdr-type substituion (L1014 F in the house ßy) occurs in a number of pyrethroid-resistant pests, an equivalent contribution to insensitivity was speculated by Lee et al. (2000) .
Investigations on the frequency-distribution of resistance-associated Na ϩ channel gene in the head louse populations in Japan are in progress. We recently determined two partial coding sequences (base #1780-3451; corresponding to M552 to L1108) from other phenothrin-susceptible and -resistant head louse colonies in Japan. The latter resistance-ratio was estimated to be at least 160-fold. The Na ϩ channel genes involved in the resistant and susceptible lice were homozygous and identical to that of HL-S1 and HL-R1, respectively, within the available sequence. As a consequence the resistant lice also carried the same triple amino acid substitution mutations in domain II as HL-R1 did (unpublished). It is speculated that there is a very limited number of origins or haplotypes of resistance-associated Na ϩ channel genes among head lice populations in Japan, U.S., and U.K. At present not only the previously identiÞed T952I and L955 F but also the other newly found D11E and M850T are potential candidates for genetic factors attributable to a decreased neuronal sensitivity against pyrethroid insecticides. Substantial contributor(s) among these mutations remain to be elucidated by electrophysiological examination of site-directed mutations in a heterologous expression system, as well as successive investigations on a correlation between the resistant phenotype and the amino acid substitutions by wider sampling.
The current study was dependent on the evaluation of insecticide-susceptibility with live lice and the subsequent individual-genotyping of the Na ϩ channel gene. Such work is costly and time-consuming because live lice have to be bioassayed on the day of collection because of low viability after removal from the host, limited availability of human volunteers, and the lack of effective alternative blood feeding systems. Cumulative information on resistance-associated representative Na ϩ channel gene haplotypes by such a basic study and experimental conÞrmations of insensitiveresponsible mutations are prerequisite to make molecular diagnosis of pyrethroid-resistance possible from dead lice. PCR-based high throughput systems for single nucleotide polymorphisms (SNPs)-typing would facilitate further studies on the origins or migrations of the lice resistant Na ϩ channel genes worldwide as well as on the frequency distribution of presumed recessive resistant genes. Such works should also be a remedy for resistant infested dermatology patients against overuse of inefÞcacious pediculicides when the resistant diagnostic system is timely linked to a medical examination. Recent reports of pyrethroid-resistance in lice demonstrate the need for the development of novel pediculicides.
